This article introduces and evaluates the PEA POD Infant Body Composition System, an air displacement plethysmograph designed for the assessment of body composition in infants between birth and 6 mo of age. The performance of the PEA POD was evaluated by repeated testing of National Institute of Standards and Technology-traceable weights and volumes. Mass was measured in a single session. Volume was measured in four sessions during a 2-d period (five times/session for both). The mean values for repeated mass measurements were almost identical to the masses of traceable weights. The SD and CV for repeated volume measurements were 1.1-4.5 mL and 0.02-0.09%, respectively. Both the mean SD and CV were within very narrow ranges (1.4-3.1 mL for SD and 0.03-0.08% for CV) across all volume levels. Furthermore, mean CV values using results from the four sessions indicated excellent within-and between-day reliability. Regression analyses (by session or with all sessions combined) of the measured volume against actual volume gave very low standard error of the estimate (SEE) (0.853-1.957 mL) and very high R 2 (1.000), with the intercept and slope not significantly different from 0 and 1, respectively.
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The mean percentage error in volume measurements was Յ0.05% at all volume levels. The study findings and the operational and physical characteristics of the system indicate that the PEA POD has the potential to provide clinicians and researchers with a diagnostic and research tool that is accurate, easily used by operators, and comfortable for subjects. The prevalence of obesity in adults and children continues to rise (1, 2) . A total of 61% of the US adult population is now considered overweight or obese (1); 13% of the US children are obese (2) , putting them at a higher risk for adult obesity (3) . Strong links also exist between early infant development and childhood obesity (4) . In addition to its great affect on the quality of life, obesity is associated with serious health risks (5, 6) . The assessment of body composition throughout life is therefore an important diagnostic and research tool.
In recent years, novel technologies have resulted in the development of new body composition methods (7) . Some of these methods have been applied to the infant population (8) . However, technological and practical limitations have hampered the success of these new methods to the point that body composition assessment in infants is still rarely performed.
All body composition methods used to test live subjects are indirect. As a result, each method is based on a theoretical model, which is used to assess body composition from indirect measurements. Therefore, the accuracy of a body composition method is dependent on the soundness of its theoretical model and the assumptions surrounding the said model. In light of this, when selecting a method to assess body composition in infants, its accuracy in other populations must be considered because it is representative of the method's theoretical soundness. Densitometry is considered to be among the most accurate indirect body composition method (9) . A densitometric approach to infant body composition assessment could therefore have the potential for high measurement accuracy.
Body composition assessment by densitometry involves the measurement of the density of the whole body. Body density is then used in a two-compartment model to calculate percentage of fat, fat mass, and fat free mass (10, 11) . By definition, the density of the whole body is body mass divided by body volume. Body mass is easily measured using an accurate weighing device. Body volume is a more difficult measurement and is commonly determined either by hydrodensitometry (HD) or air displacement plethysmography (ADP). HD measurement procedures are performed in water. ADP measurement procedures are performed in air. This difference is the result of the different operating principles used by the two methods. HD uses Archimedes' principle to determine body volume. ADP uses gas laws to determine body volume. Because HD requires subjects to be totally submerged during a test, compliance and safety issues prevent the implementation of this technique in the infant population. Conversely, the use of ADP in children and the elderly (9, 12) has demonstrated that its measurement procedures are easily tolerated in these populations and would probably be tolerated by infants.
The only commercially available ADP system is the BOD POD Body Composition System (Life Measurement Inc., Concord, CA, U.S.A.). The success of the BOD POD has prompted the development of the PEA POD Infant Body Composition System (Life Measurement Inc.). The PEA POD is intended to provide researchers and clinicians with an infant body composition system that is accurate and easily used by operators as well as comfortable for the subjects. The physical characteristics of the system allow the testing of infants between birth and 6 mo of age.
This article first introduces the PEA POD by giving an overview of its theory, physical design, operating principle, and test procedure. The precision, reliability, accuracy, and linearity of the PEA POD mass and volume measurements are then assessed by testing National Institute of Standards and Technology (NIST)-traceable weights and aluminum cylinders.
METHODS

Theory.
The relationships between pressure and volume expressed by Boyle's Law and Poisson's Law are the basis of the operating principles used by the PEA POD to measure body volume. Boyle's Law describes the behavior of air compressed under isothermal conditions (constant temperature) as follows:
where P 1 and V 1 are pressure and volume at an initial condition and P 2 and V 2 are pressure and volume at a final condition. When air is allowed to change temperature in response to volume changes (adiabatic conditions), Poisson's Law expresses its behavior as follows:
For air, ␥ is 1.4 (13) . A consequence of Equations 1 and 2 is that equal volume changes result in different pressure changes for air under isothermal and adiabatic conditions. In air, for small volume changes, P 2 under adiabatic conditions is always approximately 40% larger than P 2 under isothermal conditions. Air under isothermal conditions is therefore "easier" to compress than air under adiabatic conditions (14) .
Physical design. The PEA POD basic components are housed inside or mounted on a movable cart (Fig. 1) . The movable cart houses the reference chamber, calibration volume, electronic components, printer, and central processing unit (CPU). The test chamber, scale, and monitor are mounted on the cart's top surface. A volume-perturbing diaphragm is mounted between the test and reference chambers. A pneumatic valve (calibration valve) allows the test chamber to be connected to the calibration volume. Pressure transducers are connected to the two chambers.
The test chamber contains a clear plastic tray on a slide mechanism. The slide mechanism is secured to the inside of a clear acrylic plastic cylinder. A clear sheet of acrylic plastic seals the back of the cylinder. An aluminum door is mounted to the front of the cylinder. During a test, the door is kept closed by an electromagnet.
The test chamber is connected to the reference chamber by an acrylic plastic manifold. However, the two chambers are not in direct contact with each other. The volume-perturbing diaphragm is mounted between them in the manifold. The same design and materials of the test chamber, with the exclusion of the door system, are used for the reference chamber. Furthermore, the two chambers are equal in volume (37 L).
The test chamber is connected to the calibration volume by an aluminum manifold. The calibration valve is mounted between the test chamber and the aluminum manifold. When the calibration valve is open, the test chamber and calibration volume are in direct contact with each other. The calibration volume consists of a 5 L aluminum sphere.
The PEA POD scale measures mass using strain gauge technology. The materials used in the scale's strain gauge were (5), electronics (6), sliding tray (7), and scale (8) .
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selected for their stability. The scale has a capacity of 12 kg and a resolution of 0.1 g. Extensive testing in the scale's weight range for noise, drift, and hysteresis has confirmed the scale's stability.
The CPU and electronic components control the diaphragm, calibration valve, pressure transducers, and scale. A custom designed 16-bit A/D card with a 24 bit programmable I/O port interfaces the CPU and electronic components. Both control and analysis software programs are written in C Borland (Scott's Valley, CA, U.S.A.).
Operating principles. When in operation, the diaphragm's oscillations create sinusoidal volume perturbations in the two chambers that are equal in magnitude but opposite in sign. The precision of the diaphragm position is maintained by an electronic servo system. The magnitude and frequency of the volume perturbations are 35 mL and 6 Hz, respectively.
Pressure changes resulting from the volume perturbations are below Ϯ0.5 cm H 2 O. These pressure changes are in "real-world" terms equivalent to the change in atmospheric pressure experienced during an elevation change of 3.87 m (12.8 ft). The magnitude of the pressure changes in the two chambers is purposely maintained low (atmospheric pressure is approximately 1000 cm H 2 O), for comfort, and because, for small pressure changes, the power relationship expressed by Equation 2 is closely approximated by a linear relationship. This means that the ratio of the pressure perturbations in the two chambers is equal to the inverse ratio of the chambers' volumes. Because volumes are assessed by a ratiometric approach, the repeatability of the volume perturbations is not critical as long as their magnitudes are small with respect to the chambers' volumes, thus ensuring that a linear relationship exists between pressure and volume. Therefore, for a known reference chamber volume, and assuming adiabatic conditions, varying test chamber volumes are a linear function of the ratios of the pressure perturbations in the two chambers. However, to ensure measurement accuracy, these volumes must be corrected for the impact of small quantities of air at isothermal conditions. When a subject is tested, air close to the subject's surface and in the subject's lungs behaves isothermally. Assuming that all of the air in the test chamber is under adiabatic conditions results in an underestimation of the volume being measured. In fact, as previously mentioned, air under isothermal conditions is 40% more compressible than air under adiabatic conditions. This difference in behavior results in a 40% overestimation of volumes of air behaving isothermally when adiabatic conditions are assumed. The PEA POD volume measurements are therefore automatically corrected for the impact of the isothermal behavior of air close to the subject's surface and in the subject's lungs.
The impact of air behaving isothermally as a result of its proximity to a surface was investigated by testing aluminum sheets with known volumes and areas. This investigation resulted in the derivation of a constant k. This constant was derived so that the product of its multiplication by the surface area of the object being tested would equal the difference between the volume measured by the PEA POD and the object's actual volume, a negative value. This adjustment was defined as the Surface area artifact (SAA) and used to correct PEA POD volume measurements.
When live subjects are tested, the PEA POD automatically corrects for the surface area effect by first computing the subject's body surface area (BSA) and then multiplying BSA by k to obtain the SAA. The following two equations describe this process:
The PEA POD uses the Boyd formula (15) to determined BSA (Equation 3 ). This formula has been shown to be the most accurate in estimating the surface area of infants (16) .
When adiabatic conditions are assumed, the apparent volume of air in the lungs is overestimated by 40%. As previously stated, this effect is the result of air being under isothermal conditions in the subject's lungs. Subject's volume is therefore underestimated by 40% of the subject's thoracic gas volume (V TG ). To account for this discrepancy, V TG is predicted and 40% of this value is added to the subject's measured body volume. The PEA POD uses a predicted value for V TG because its direct measurement would be too invasive. In addition, only 40% of any error associated with predicting V TG has an effect on body volume. Moreover, 40% V TG is a small percentage of body volume, further reducing the impact of this correction on the accuracy of the body volume measurement.
During PEA POD testing, subjects breathe normally. This state represents average V TG during tidal breathing. V TG is therefore equal to functional residual capacity (FRC) plus approximately half of tidal volume (V T ). Historically, FRC has been measured using either helium dilution or plethysmographic assessment. Helium dilution assessment of FRC in infants routinely gives lower values than those measured by plethysmography (17) . This difference results from trapped air in the lungs that cannot be detected by helium dilution (17) . The PEA POD uses a FRC prediction equation derived by plethysmographic assessment because any air in the lungs free or trapped is not part of the subject's body volume. The following equation is used to predict FRC because it was derived recently using data from multiple centers (18):
V T values used by the PEA POD were also consolidated from multiple studies (19) . These values depend on age and body mass and are equal to 7 mL/kg at birth, 9 mL/kg at 3 mo, 9.3 mL/kg at 6 mo, and 9.5 mL/kg at 12 mo (20) . Interpolation is used when V T values need to be calculated at ages other than those presented. After V T is determined, half of it is added to FRC to obtain V TG .
The PEA POD uses the SAA and V TG expressed in liters to correct directly measured raw body volume (V br ). Body volume (V b ) is computed as follows:
488
Note that SAA, a negative value by definition, is subtracted from V br and V TG is added to V br to arrive at V b .
SAA and 40% V TG each represent approximately 1.5% of V b . To illustrate with a typical example, a 1.5 mo-old-male infant in the 50th percentile for weight (5 kg), length (57 cm) (19) , and % fat (19.1%) (21) would have a V b of 4.8876 L, with SAA equal to 0.0744 L (1.5% of V b ) and 40% V TG equal to 0.0620 L (1.3% of V b ).
Body mass (M b ) and volume measurements are used to calculate whole-body density (D b ϭ M b /V b ). Equations 7 and 8, based on a two-compartment model, and fat-free mass age and sex specific density values are used to compute percentage of fat mass (% fat). Existing equations are not used because they were derived using fat-free mass density values specific to the adult population (10, 11). Within-day reliability is presented for day 1 (sessions 1 and 2) and day 2 (sessions 3 and 4). Between-day reliability is presented for session 1 of day 1 and session 3 of day 2, as well as session 2 of day 1 and session 4 of day 2. Reliability is expressed as the mean of the CV values for each repeated trial performed on a particular volume or volumes in the specified sessions. (22) . Test procedure. A complete PEA POD test is performed according to the following protocol. The subject's mass is measured on the PEA POD electronic scale. Each time the PEA POD is moved and every 2 wk, the mass measurement is preceded by a scale calibration procedure to account for the unlikely possibility of drift in the system and changes in the acceleration as a result of gravity at different geographical locations. A 5000.0 g NIST-traceable weight is used to calibrate the scale. The scale output is then adjusted in case of a discrepancy. Simultaneous to the mass measurement, an automated volume calibration is performed. With the test chamber empty, pressure changes are collected while the calibration valve is closed and open. The closing and opening of the calibration valve allows the system to perform a two-point calibration giving a linear relationship between the inverse ratio of the pressure perturbations in the two chambers and varying test chamber volumes. The calibration procedure lasts 50 s, at the end of which the door automatically opens. Next, the tray is pulled out of the test chamber so that the subject can be placed in it. To start a test, the tray and subject are pushed back into the chamber, and the door is closed. During the first 15 s of the test, a valve connecting the test chamber to the outside environment is opened, allowing the exchange of air between the test chamber and the outside environment. This equilibration procedure is performed to avoid temperaturedependent deformations in the test chamber's walls resulting from heat generated by the subject. Pressure changes are then collected in the two chambers for 25 s. Data collection ends with the automatic opening of the test chamber door. This procedure is performed a second time to test for consistency. If the two volume measurements are within 5 mL of each other or 0.25% of the mean of the 2 measurements, whichever is largest, then their mean is used to determine %fat. If this level of agreement is not reached, then a third measurement is performed. If two of the three measurements agree within the stated limits, then their mean is used to determine %fat. If the specified level of agreement is not reached after three measurements, then the entire testing procedure is repeated.
Experimental design. First, the ability of the PEA POD to measure mass was determined by testing NIST-traceable weights with the following masses: 1,000.0, 5,000.0, and 10,000.0 g. These weights had NIST 105-1 Class F tolerances (Ϯ100.000 mg). The weights tested during this study were representative of infants between birth and 6 mo of age. During a single session, the mass of each weight was measured five times.
Second, the ability of the PEA POD to measure volume was determined by testing aluminum cylinders after they had been added together to obtain the following volumes: 1,853.0, 3,705.6, 5,557.4, 7,409.7, and 10,389.3 mL. The accuracy of the linear dimensions of the cylinders tested was Ϯ0.001 mm. This level of accuracy was obtained using instruments traceable to the NIST and in accordance with MIL-I-44208 and MIL-STD-45662A standards. The range of volumes tested (1,853.0 -10,389.3 mL) was selected because it represented infants between birth and 6 mo. Four sets of data were collected over 2 d. Each day was divided into a morning and an afternoon session. All four sessions were performed with the same procedure. During each session, the above volumes were tested five times. Volume testing was performed in four separate sessions so that the reliability of the system could be assessed. Results from sessions performed during the same day gave a measure of within-day reliability. Results from sessions performed during different days gave a measure of betweenday reliability. With the exception of the mass measurement, each test followed the procedure described in the previous section. The BSA values used for the SAA calculations were computed using the cylinders' known dimensions. No correction was performed for V TG because it applies only to in vivo testing.
RESULTS
Mean values, as well as SD and coefficient of variation (CV) values for repeated mass measurements, are presented in Table  1 . In the worst case, mean values differed by Յ0.1 g from the actual mass values. The largest SD was 0.1 g for the 10,000.00 g weight, and the CV was 0.00% for each of the three weights tested. Table 2 presents the precision of the volume measurements. The SD and CV for repeated volume measurements within each session were 1.1-4.5 mL and 0.02-0.09%, respectively. The mean values for both SD and CV were within very narrow ranges (1.7-2.3 mL for SD and 0.03-0.08% for CV) across all volume levels. Table 3 presents within-and betweenday reliability of the volume measurements. Within-day reliability is presented for day 1 (sessions 1 and 2) and day 2 (sessions 3 and 4). Between-day reliability is presented for session 1 of day 1 and session 3 of day 2, as well as session 2 of day 1 and session 4 of day 2. Reliability is expressed as the Results from linear regression analyses of the PEA POD volume measurements against the volumes calculated from the cylinders' linear dimensions are displayed in Table 4 . Data are presented by session and with all four sessions combined. In all cases, the regression equations gave very low SEE (0.3047-1.9573 mL) and very high R 2 (1.000 for all), with the slope and intercept of all regression lines not significantly different from 1 and 0, respectively. The regression analysis using combined data from all four sessions is illustrated in Figure 2 . As can be seen, the system's linearity was excellent.
Mean volume error (MVE), defined as [(measured volume Ϫ actual volume)/actual volume] ⅐ 100, was computed to investigate further the performance of the system. For all volumes combined, session MVE values ranged between Ϫ0.031% and 0.008%. Individual MVE values ranged between Ϫ0.119% and 0.103%. Mean percentage volume errors are presented in Table 5 .
DISCUSSION
For the purposes of this study, the ability of the PEA POD to accurately measure mass and volume were tested independently because errors in either will contribute to errors in %fat. A 0.1% error in either mass or volume measurement leads to an error of approximately 0.5% fat. When both mass and volume are over-or underestimated by the same amount, the %fat estimation would be unchanged as a result of cancellation of the errors. If the mass and volume errors are in the same direction, then this would equal an error of 1% fat.
The mean values and the SD and CV for repeated mass measurements presented in Table 1 indicate the exceptional precision and accuracy of the PEA POD scale. As shown in Table 1 , the largest mean values differed by Յ0.1 g from the actual mass values, and this would result in changes in %fat estimates of Յ0.1%. The magnitude of these changes points to the measurement of body volume as the limiting factor in the accurate assessment of % fat.
The SD and CV values for repeated measurements presented in Table 2 indicate a high precision for PEA POD volume measurements. SD values ranged between 1.1 and 4.5 mL, and corresponding CV values ranged between 0.02 and 0.09%. This level of precision is comparable to that shown by the BOD POD when used to measure the volume of inanimate objects (14) and well above the performance of other body composition methods designed for the infant population and evaluated with inanimate objects (21) . The between-day reliability shown by the PEA POD for the range of volumes tested, with mean CV values ranging from 0.01% to 0.09%, was comparable to that shown by the BOD POD when used to measure the volume of inanimate objects during a 4-d period (23) . Results from linear regression analyses indicate a high agreement between the volumes measured by the PEA POD and the volumes computed from precisely measured linear dimensions. In fact, whether analyzed by session or combined into a single data set, the regression lines did not differ significantly from the line of identity (actual volume ϭ measured volume), indicating an excellent linearity of the system. In addition, the largest MVE recorded corresponds to errors in %fat estimates of 0.6%. The magnitude of this error is well within the expected measurement variability for densitometry (24) .
Even though the PEA POD demonstrates exceptional ability to measure the mass and volume of inanimate objects, this is only the first step. It remains to be seen how the PEA POD performs with respect to the more challenging tasks of testing animal tissue samples varying in mass, volume, and fat content and, most important, living human infants. This research is now under way.
The advantages of the PEA POD include a testing sequence that is noninvasive, is fast, does not expose the subject to radiation, and does not require that the subject be sedated for a test. These characteristics, combined with the accuracy displayed in this study, demonstrate the potential of this technology to assess the body composition of infants. This could lead to the development of a useful tool for researchers and clinicians involved in the nutritional assessment and management of infants. 
